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signaling platform for the production of
cytokines, induction of autophagy, and
promotion of pyroptosis. Functional data
suggest that the membrane fragments
indeed play a major role in the regulation
of the cell response to bacterial infection,
rather than just participate coincidentally
in the process. However, because S. flex-
neri modulates inflammation also directly
by PAMPs and T3SS-translocated effec-
tor proteins, it will be difficult to dissect
the relative contribution to the process
from either phagosome membrane frag-
ments or the bacteria. Along the same
line, future studies will have to address
the relevance of membrane-remnant-
dependent signaling for pathogenesis of
S. flexneri in vivo.
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We do not live in a sterile environment, but instead we are intimately associated with our commensal micro-
biota. Benson et al. (2009) suggest that host sensing of these microbes takes a pivotal role in getting the
immune system up and running in response to a major intestinal parasite.The opportunistic protozoan pathogen
Toxoplasma gondii is well known for its
ability to infect a vast range of host
species to establish long-term chronic
infection. Natural infections are initiated
through oral ingestion of infectious tissue
cysts or oocysts shed by cats. Work
spanning the last two decades has estab-
lished that this parasite triggers robust
protective immunity dominated by early
IL-12 responses from the innate immune
system followed by emergence of IFNg-
secreting Th1 T cells and CD8+ T lympho-
cytes. These responses are necessary for
the host to survive onslaught of this
potentially dangerous pathogen, and they
are also necessary for the parasite if it is to
keep its host alive long enough to estab-
lish stable latent infection that maximizes
the chances of host-to-host transmis-
sion. Yet T. gondii must avoid eliciting an
overly strong proinflammatory response,104 Cell Host & Microbe 6, August 20, 2009because this can lead to its elimination
by immune effector cells and cause lethal
host pathology. This would seem to be a
tricky balancing act for a pathogen to
achieve, but the widespread occurrence
of Toxoplasma in human and animal pop-
ulations worldwide is a testament to the
success of this organism as an artist of
parasitism.
It seems probable that early events
during initiation of immunity are key to
determining whether Toxoplasma will
establish successful infection, whether it
will fail to persist, or whether it will cause
damaging host pathology. These events
are likely to occur at the frontlines of infec-
tion, which for this parasite is the intestinal
mucosa. A provocative study by Felix Yar-
ovinsky and colleagues (Benson et al.,
2009) provides evidence that successful
initiation of immunity is not just a two-
way interaction between host and para-ª2009 Elsevier Inc.site, but that a third player is also inti-
mately involved: the endogenous bacte-
rial flora resident within the intestine.
Signaling through Toll-like receptors
(TLRs) and the common TLR adaptor mol-
ecule MyD88 is crucial to surviving Toxo-
plasma infection (Hitziger et al., 2005;
Scanga et al., 2002). Studies by Yarovin-
sky and Alan Sher at the National Insti-
tutes of Health had earlier identified a
T. gondii profilin molecule (designated
TgPRF) that triggers potent IL-12 re-
sponses through interaction with TLR11
(Yarovinsky et al., 2005). The TgPRF
molecule was additionally suggested to
be a major immunodominant antigen by
virtue of its ability to simultaneously acti-
vate dendritic cells (DCs) and be pro-
cessed and presented to T lymphocytes
by the same DC population (Yarovinsky
et al., 2006). These studies were con-
ducted in mice that were infected by
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of tachyzoites, the rapidly
replicating form of the para-
site. Thus, the mucosal
immune system was left out
of the equation in the experi-
ments.
Now, Yarovinsky and
colleagues have looked at
the role of TLR11 during orally
initiated infection (Benson
et al., 2009). While IL-12
levels are indeed decreased
in the absence of TLR11
signaling, there still remains
a substantial response. In
addition, lack of TLR11 only
minimally affected generation
of IFNg-secreting CD4+ T
lymphocytes, and the mice
were capable of surviving
infection. This contrasts with
the behavior of TLR11 gene-
knockout mice during i.p.
T. gondii infection, where lack
of this TLR has much more
dramatic effects on IL-12
and IFNg responses, and the
animals therefore predictably
display an increase in suscep-
tibility. The implication is that
something about the intestinal environ-
ment provides signals that drive a protec-
tive immune response in the absence of
signaling by TgPRF/TLR11.
Taking a cue from previous studies
showing that oral infection with T. gondii
can induce damage to the intestinal epi-
thelium accompanied by translocation
of gut bacteria into the subepithelium
(Heimesaat et al., 2007; Liesenfeld et al.,
1996), the authors asked whether com-
mensal bacteria might be involved in
TLR11-independent immunity. Remark-
ably, they show that mice lacking recep-
tors for major bacterial products, namely
TLR2, 4, and 9, display substantial defi-
ciencies in generating IFNg-secreting
T cells during oral, but not i.p., infection.
Similarly, IL-12 responsesweredecreased
when wild-type mice were treated with
broad-spectrum antibiotics to eliminate
endogenous flora, and for the case of
TLR11 knockout animals, IL-12 produc-
tion was completely abrogated in the
absence of gut flora. Importantly, feeding
commensal-depleted mice with bacterial
lipopolysaccharide, a potent TLR4 ag-
onist, reconstituted IL-12 production.
Thus, themodel proposed is that parasitic
infection in the gut causes damage to the
intestinal epithelium, allowing transloca-
tion of luminal microflora. In turn, com-
mensal bacteria act as adjuvants, trig-
gering MyD88-dependent signaling that
results in protective IL-12 responses and
emergence of parasite-specific Th1 re-
sponses (Figure 1).
Interestingly, while TLR11 may not be
essential to generate T cell responses in
the gut, the receptor appears involved in
other ways. While animals expressing
TLR11 develop visible pathological
changes in the intestine and liver, mice
lacking the receptor are resistant to
damage (Benson et al., 2009). In addition,
TLR11 knockout mice actually display in-
creased resistance during high-dose
Toxoplasma infection that causes proin-
flammatory cytokine-mediated death in
wild-type mice. The surprising conclu-
sion is that TLR11 is a major immunore-
ceptor mediating pathological responses
in the mucosal immune system during
T. gondii infection, but that it is not so
important in generating immunity to the
parasite itself.
These results are very inter-
esting for the insight they may
shed on how pathogens and
the endogenous microbiota
interact with the innate im-
mune system in the intestinal
mucosa. Nevertheless, they
come with some caveats.
Perhaps most importantly, it
remains to be shown (for
example, by adoptive trans-
fer) that the T cells generated
in the absence of TLR11
signaling display true protec-
tive capability. In this regard,
it is not entirely clear that
these T cells are truly para-
site-specific as opposed to
being reactive with bacterial
antigens that access DCs as
a result of a breach in the
intestinal epithelium. Simi-
larly, one might predict that
wild-type or at least TLR11
knockout mice that are given
broad-spectrum antibiotic
treatment would be increased
in susceptibility to Toxo-
plasmaby virtue of a defective
adaptive response to the
parasite. The same might be
true for TLR2x4 and TLR9 knockout
animals, although here it might be neces-
sary to generate triple TLR2/4/9-negative
animals to see an effect.
The mice used in this study (Benson
et al., 2009) are on a C57BL/6 genetic
background, which is known to confer
susceptibility to ileitis in the intestine
during T. gondii infection (Liesenfeld et al.,
1996). Other mouse strains are resistant
to this pathology, raising the possibility
that involvement of translocated bacteria
in promoting immunity to Toxoplasma is
a peculiarity of the C57BL/6 mouse strain.
There is also evidence from several
groups that glycosylphosphatidylinositol
lipid moieties expressed by tachyzoites
possess TLR2- andTLR4-activating prop-
erties (Debierre-Grockiego et al., 2007;
Del Rio et al., 2004; Mun et al., 2003),
and it is not clear how (or if) these tie
into TLR2 and TLR4 signaling during oral
infection.
Notwithstanding these caveats, the
present study raises several fascinating
and important questions. What is it about
TLR11 signaling in the gut that induces
immunopathology as opposed to
Figure 1. Adjuvant Activity of Gut Commensals during Parasite
Infection
(A) The lumen of the intestine teems with almost countless numbers of
bacteria. Under most circumstances, these bacterial populations are harmless
or play beneficial roles to the host.
(B) Infection with T. gondii, an orally acquired intracellular protozoan, is asso-
ciated with damage to the small intestinal epithelium. Whether this is an indi-
rect effect or a direct consequence of invasion and subsequent lysis of host
epithelial cells is not clear.
(C) The breach in the intestinal epithelium enables translocation of gut bacteria,
which consequently contact DCs in the lamina propria.
(D) TLR2, TLR4, and TLR9 recognition of bacterial products triggers DC acti-
vation and subsequent IL-12 production.
(E) Antigen-presenting cells in the intestinal mucosa (most likely DCs) acquire
Toxoplasma antigens. It is not known if this is the result of direct infection,
phagocytosis of dead parasites, or parasite products.
(F) DCs armed with parasite antigen contact antigen-specific T cells. In combi-
nationwith IL-12 releasedbybacteria-triggeredDCs, this provides the requisite
signals for T cell activation and differentiation of protective Th1 lymphocytes.Cell Host & Microbe 6, August 20, 2009 ª2009 Elsevier Inc. 105
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triggers protective responses without
pathology during Toxoplasma infection?
It is well known that TLR11 is absent in hu-
mans. Does this mean that endogenous
gut flora play amore important role in initi-
ating T. gondii-specific immunity in hu-
mans as compared to laboratory mice?
Acute Toxoplasma infection in humans is
not generally associated with immune
pathology in the intestinal mucosa. Based
upon the present study, it is tempting to
propose that this is because humans,
lacking TLR11, would be predicted to be
nonresponsive to TgPRF and therefore
should be resistant to gut pathology. It
follows, then, that responses in TLR11
knockout mice might serve as a better
model for human Toxoplasma infection
relative to most other mouse strains that
express the receptor for TgPRF. And
finally, Toxoplasma is only one of many106 Cell Host & Microbe 6, August 20, 2009protozoan and helminthic infections
that spend part or all of their life cycle in
the gut. Is there a similar three-way
interplay between the mucosal immune
system, parasite, and endogenous gut
microbiota that is necessary for optimal
host defense against other intestinal path-
ogens? Regardless, it is becoming clearer
and clearer that achieving a complete un-
derstanding of intestinal pathogens and
the pathologies they induce requires
consideration of the host in the context
of their microbial cohabitants.
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